The safety of submerged buoy is higher than traditional buoy. The most important problem for submerged buoy is that signal will be attenuated greatly due to ocean wave fluctuation and seawater. On the basis of ocean wave model, propagation characteristics of electromagnetic wave in seawater channel for submerged buoy is analyzed in this letter. It includes the propagation properties of electromagnetic wave in seawater and across the air-sea interface. The results show that the VHF frequency band, first order sea level and water depth of less than 10 cm are acceptable for submerged buoy.
Introduction
Marine information construction is in the stage from Digital Ocean to Smart Ocean. As a result, the study of ocean sensors is blooming [1] [2] , because it is the main method to forecast and monitor marine environment with advantages of all-weather, long-term and fixed-point [3] . Traditional buoys all float on the ocean surface, which is the fatal flaw for safety. Therefore, a submerged buoy is attractive because of long-term potential and higher security. It is already an important development direction of marine sensors [4] .
Since most of the ocean buoys have a certain distance from the coast, and the space-based link can cover a wide range, the most effective way of real-time information transmission for ocean buoys is space-based link [5] [6] [7] [8] . Many existing literatures have investigated the propagation characteristics of traditional buoy communication channel [9] [10] [11] , but the discussion about channel of submerged buoy is very limited.
In this letter, we focus on the seawater channel characteristics for submerged buoy. First, the ocean wave model is given. Then, channel characterizations in seawater and across the air-sea interface are analyzed. Finally, the comprehensive simulation and analysis are presented.
Ocean wave Modeling
In actual environments, the ocean wave will fluctuate with the wind. The main way to describe ocean wave is wave spectrum ( , )
S ω θ [12] , and the wave amplitude a is.
S ω is power spectrum, and ( ) D θ is direction spectrum [13] .
( )
, g is gravity acceleration, 0.74 β = and U is the wind speed above sea surface.
Theoretically, θ can range from -π to π, but in reality most of ocean energy distributes in the range from 2 π − to 2 π .
The simulation results of ocean wave with different wind speeds are shown in Figure 1 . We can see the wave height increases with the increasing of wind speed.
Propagation Properties in Sea Water
Seawater is a conductive medium which has a great impact on the electromagnetic waves propagation. Because the Maxwell equations are the basic theory of the electromagnetic wave propagation, we use these equations to calculate and analyze the propagation properties of electromagnetic wave in seawater.
Permittivity of Sea Water
The permittivity of seawater can be calculated by an extension Debye formula called Havirial-Negami, which is expressed as [14] , 0, 1.77 10 6.09 10 1.10 10 8.11 10 It is obvious that the permittivity of sea water has a relationship with frequency, temperature and salinity of seawater. We choose the most common case of seawater, a temperature of 15˚ and a salinity of 35‰, as the simulation condition. The result is given in Figure 2 . The permittivity becomes smaller as the frequency increases. Journal of Computer and Communications 
Channel Characterization
Seawater is an electrical conductive medium where electromagnetic waves generate conduction current. Therefore, the Helmholtz equations of sea water are used.
( ) 
where α is attenuation constant and β is phase-shift constant. From (5) to (8), we can obtain
Substituting the above results into the plane wave expression, we can obtain, 
where z is propagation distance. As can be seen in (11) , the magnitude of the electric field strength decays exponentially with increasing propagation distance, and phase rotation occurs. Some works have simulated the propagation of electromagnetic waves in seawater, but these works focus on the acoustic frequency band [15] [16] . Figure 3 illustrates the amplitude attenuation and phase shift caused by seawater in a wider frequency band.
From Figure 3 we can see that the VHF frequency band is the most suitable band due to its less attenuation and actual availability for space application. Therefore, in the following section, we simulate the properties of seawater channel in UHF band.
Furthermore, we simulate the amplitude attenuation with different depth in seawater. The result is shown in Figure 4 . We can see that the attenuation is severe in seawater and gets worse with the increasing depth. So a depth of less than 10 cm should better be selected to ensure the communication quality. 
Propagation Properties across the Air-Sea Interface
For submerged buoy, electromagnetic waves are not only attenuated in seawater but also refracted through the air-sea interface. Since refraction will also produce attenuation, a study in propagation across air-sea interface is essential. The polarization mode of the incident wave field will have a great impact on the characteristics of transmitted wave field. Horizontal polarization and vertical polarization are two basic polarizations. Other polarization modes can be obtained by superposition of these two modes.
The refraction coefficient is defined as the ratio of amplitude of refracted wave to incident wave as the Fresnel formula shows [17] . 
where 1 θ is the angle of incidence, 2 θ is the angle of refraction which can be obtained from the Snell Law, Figure 5 illustrates the refraction coefficients of two kinds of polarization modes with different incidence angles. We can see that when incidence angle is zero, the refraction coefficients of these two modes are the same. The difference will appear when the incident is not perpendicular.
Comprehensive Analysis and Simulation
We simulated the total propagation characteristics of electromagnetic wave at a certain point, including the amplitude attenuation and phase shift both in seawater and across the ocean surface. Figure 6 gives the diagram of the propagation of electromagnetic waves in seawater channel. The simulation condition is the first order sea level which has a wind speed of 2.5 m/s, the frequency band is VHF, and the depth of submerged buoy is 10 cm.
The simulation results are shown in Figure 7 . It can be seen that in first order sea level, the seawater channel attenuation is about 40 dB, which is rather applicable to the actual, while higher sea levels will generate more attenuation. This provides the basis for the design of communication systems. 
Conclusion
The safety of traditional marine buoys is an important problem. In this regard, submerged buoy seems to have a better development prospect. However, many problems need to be overcome, such as a reliable information transmission. This letter analyzes the propagation characteristics of electromagnetic wave in seawater channel for submerged buoy. Amplitude variation and phase fluctuation of the communication signals are characterized. The results show that the VHF frequency band, first order sea level and water depth of less than 10cm are ac-ceptable for submerged buoy. Such prior knowledge could help us to select a suitable algorithm for adaptive anti-rolling servo control and optimize waveform for resisting dynamic seawater attenuation.
